OBJECTIVE: To develop statistical models predicting recurrent pelvic organ prolapse, surgical complications, and change in health status 12 months after apical prolapse surgery.
lapse recurrence, complications, and health status 12 months after prolapse surgery. S urgical counseling before reconstructive surgery for pelvic organ prolapse (POP) includes an estimate of benefits and risks. These estimates are influenced by surgeon and patient preferences, surgical approach, and patient risk factors. For example, although current evidence shows that abdominal sacrocolpopexy has superior short-term anatomic outcomes when compared with vaginal colpopexy, this benefit must be balanced against other aspects of the procedure such as longer operating times, increased complications, increased cost, and less well-known long-term outcomes. 1 Typically, surgeons use average rates from large, randomized studies to counsel a woman about her specific risks. However, there are no large clinical trials comparing vaginal and abdominal approaches that report both subjective and objective recurrence and complication rates. Even when level I evidence exists, estimates are traditionally provided during the counseling process without accurately accounting for all unique patient characteristics such as her vaginal topography, medical comorbidities, preferences, and surgical goals. Refined prediction of an individual's perioperative risk weighed against her probable surgical outcome would enhance the presurgical counseling process and aid clinical decision-making.
The Pelvic Floor Disorders Network has conducted four large surgical studies of prolapse surgical treatment with the collection of standardized and validated measures across all clinical sites. Data collected from women enrolled in these trials were used to test the hypotheses that baseline characteristics can predict outcomes after prolapse surgery. We constructed and validated statistical prediction models to calculate patient-specific probabilities of recurrent prolapse, complications, and overall health status 12 months after prolapse surgery.
MATERIALS AND METHODS
Data from 1,301 women who underwent surgical treatment for POP in three randomized trials, including one trial that included a patient-preference cohort, and a second prospective cohort study conducted by the Pelvic Floor Disorders Network were analyzed for this study. Data were combined into a single longitudinal cohort and used to develop and internally validate prediction models. Trials analyzed included the Colpopexy and Urinary Reduction Efforts, Out-comes Following Vaginal Prolapse Repair and Midurethral Sling, and Operations and Pelvic Muscle Training in the Management of Apical Support Loss trials. The two cohort studies included women from the Outcomes Following Vaginal Prolapse Repair and Midurethral Sling trial who chose not to undergo randomization but participated in a patient-preference cohort and a prospective cohort of women undergoing colpocleisis for advanced prolapse (Colpocleisis). [2] [3] [4] [5] Each model used all four data sets and was designed to separately predict patient-specific probabilities of developing recurrent prolapse, perioperative and postoperative complications, and change in overall health status 12 Briefly, the Colpopexy and Urinary Reduction Efforts trial was designed to estimate the rates of de novo stress urinary incontinence (SUI) for stresscontinent women undergoing abdominal sacrocolpopexy surgery for prolapse. The intervention evaluated the effectiveness of prophylactic Burch cystourethropexy continence surgery compared with no Burch. 2 The Outcomes Following Vaginal Prolapse Repair and Midurethral Sling trial compared rates of de novo SUI for women who underwent concomitant vaginal prolapse surgery with a retropubic midurethral sling compared with a sham procedure. 3 colpocleisis on pelvic organ support, pelvic symptoms, quality of life, and patient satisfaction. The cohort also aimed to describe the morbidity associated with colpocleisis, patient sexual function and body image, and outcomes with and without concomitant incontinence surgery. 5 For this report, prediction models were developed using data from participants with 1-year outcomes from the studies. A group of 10 experienced surgeons within the Pelvic Floor Disorders Network identified 32 candidate risk factors that clinicians commonly use to counsel women about the risk of recurrence of prolapse and development of complications during or after surgery. Based on consensus among these surgeons, the following 32 risk factors were selected from all data sets: 1) age; 2) vaginal parity; 3) race (African American, Caucasian, other); 4) cardiac disorder; 5) upper gastrointestinal diagnosis; 6) lower gastrointestinal diagnosis; 7) vascular disorder; 8) history of connective tissue disease (eg, Ehlers-Danlos, Marfan's); 9) smoking history (current, former, never); 10) menopausal status (pre-, post-); 11) current estrogen replacement therapy; 12) anticoagulant use; 13) number of comorbid conditions; 14) prior hysterectomy; 15) prior incontinence surgery; 16) prior surgery for prolapse; 17) body mass index (BMI, calculated as weight (kg)/[height (m)] 2 ); 18) overall POP quantification (POP-Q) stage; POP-Q points: 19) Ba, 20) Bp, 21) C, and 22) GH; 23) type of anesthesia (general or regional); 24) concurrent anterior colporrhaphy; 25) concurrent posterior colporrhaphy; 26) concurrent total hysterectomy or oophorectomy; 27) concurrent continence procedure; and 28) and type of apical suspension. Additional fac-tors included 29) baseline limitation in activity assessed using the SF-36 question 3, "Does your health now limit you in these activities? If so, how much? Running, lifting heavy objects, or participating in strenuous sports?" 6 ; 30) heavy lifting using the question, "During the past month, how often did you perform physical activities that required a major effort such as lifting heavy furniture, shoveling snow, or lifting people or objects weighing more than 25 pounds?" We also measured a 31) history of strenuous exercise defined as "During the past month, on average, on how many days in each week did you do strenuous or very hard exercise; that is, exercise that caused you to work up a sweat and made your heart beat fast. For example, aerobics, dancing, jogging, or tennis?" For the purposes of the model, 32) strenuous physical activity was defined as any positive response to either of the heavy lifting or strenuous exercise questions. A natural log transformation was applied to BMI to improve normality.
Because reported recurrence rates vary widely based on how recurrent prolapse is defined, 7 we planned to build four different recurrence models. First, we modeled outcomes for recurrent prolapse using a composite definition that included individual components of anatomic, symptomatic. and retreatment criteria. The outcome for the composite recurrent prolapse model was considered affirmative if a participant met any one of the three criteria for recurrent prolapse. Then we separately modeled the three individual components of the composite definition. The composite definition of recurrent prolapse was defined as any POP-Q points (Ba, C, or Bp) beyond the hymen 12 months after surgery, the POP, pelvic organ prolapse. * Composite definition includes: any POP quantification points (Ba, C, or Bp) beyond the hymen 12 months after surgery; the presence of "somewhat," "moderately," or "quite a bit" bothersome bulge symptoms (Pelvic Floor Distress Inventory question 5) 12 months after surgery; or any POP reoperation (or retreatment with pessary) any time up to and including 12 months after surgery. 7 † Overall health status improves is defined as an increase of at least the minimum clinically important difference (0.035 points or more) in the SF-6D Health Utility Score. 9-11 ‡ Overall health status worsens is defined as a decrease of at least the minimum clinically important difference (0.035 points or less) in the SF-6D Health Utility Score. [9] [10] [11] Copyright Ó by The American College of Obstetricians and Gynecologists. Published by Wolters Kluwer Health, Inc.
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presence of bothersome bulge symptoms 12 months after surgery (response to Pelvic Floor Distress Inventory question 5 of "somewhat," "moderately," or "quite a bit" of bother), or any prolapse retreatment with surgery or a pessary any time up to and including 12 months after surgery. 7 The three individual components of the composite definition were modeled separately as individual outcomes, because data suggest that absence of vaginal bulge symptoms has a significant relationship with a patient's self-assessment of improvement, whereas anatomic success alone does not. 7 Because there is no consensus on what constitutes a clinically relevant complication to patients, we built two complication models using two different but commonly used definitions: a participant developing one or more serious adverse events during or any time up to and including 12 months after surgery or a participant developing one or more complications classified as grade III or greater using the Clavien-Dindo scale. 8 A serious adverse event for all studies was considered anything that is fatal, life-threatening, results in initial or prolonged hospitalization, disability or permanent damage, required intervention to prevent permanent impairment or damage, or is otherwise considered by the investigator to be a serious important medical event (ie, an event that may jeopardize the patient and may require treatment to prevent one of the other previously mentioned outcomes). A Clavien-Dindo grade III complication is any surgical complication requiring surgical, endoscopic, or radiologic intervention not under general anesthesia (IIIa) and under general anesthesia (IIIb); a grade IV complication is life-threatening requiring management in an intensive care unit, which can be further subdivided into single organ (IVa) or multiorgan dysfunction (IVb); and a grade V complication is death. 8 The outcomes for the serious adverse event and Dindo grade III or greater models were cumulative in the sense that, if a participant experienced a perioperative serious adverse event or reported one or more serious adverse events at any postoperative visit through 12 months (ie, 3-, 6-, or 12-month visit), she was considered to have an affirmative value for this outcome variable.
Two additional models were built to predict significant improvement and significant worsening of overall health status. Change in overall health status was defined by the minimally important change in utility measures. Utility measures are preference values that patients attach to their overall health status. 9 Because utility values summarize positive and negative effects of an intervention into one value between 0 (equal to death) and 1 (equal to perfect health), health state utilities are commonly used to compare overall health status across different diseases states. 9, 10 Because the purpose of our models was to provide estimates of recurrent prolapse (a health state for which patients receiving prolapse surgery are familiar and with which they may identify) and complications (a health state for which patients may not be familiar with and may not appropriately understand how this experience may affect them), we felt that providing an individual's predicted overall health state change may allow a patient to better understand and weigh the risks of their upcoming surgery during the decision-making process. The SF-6D Health State Classification provides a useful tool for estimating a preference-based single index from the SF-12 generic health-related quality-of-life index. 9 Prior studies using more than 20 different patient groups with different disease states have estimated the minimally important clinical difference (improvement or worsening) for the SF-6D utility score to be 60.033, 60.035, and 60.041. [9] [10] [11] For the utility models in this study, we chose a cutoff of 60.035 (dichotomous) because this was the median of the reported minimally important difference. One model was built to predict the probability of the SF-6D score improving 0.035 or more from baseline and a second was built to predict the probability of the SF-6D score worsening 20.035 or less from baseline.
Multiple models were fit using logistic regression to the risk factors identified by consensus and outcomes from the Pelvic Floor Disorders Network prolapse studies. Multiple imputation using chained equations was performed for missing risk factors. 12 The outcomes for all models were based only on actual and not imputed events. All 32 risk factors were considered as candidate variables for each model. Variable selection was done using Harrell's 13 "model approximation" process of backward elimination to rank the variables in order of importance starting from the full model using a bootstrap bias-corrected concordance index as the stopping criteria. As a result, variables with individual P values that were ..05 were left in the model if they offered information to improve the overall model accuracy. The removal of each variable was evaluated by determining which variable had the smallest effect on the adjusted R 2 and was stopped when the bootstrap concordance index had a change of less than 0.01.
Each logistic model's discriminative ability was measured by the area under the curve (AUC) for the receiver operating characteristic curve based on the sensitivity and specificity of the model. Unauthorized reproduction of this article is prohibited. POP, pelvic organ prolapse; BMI, body mass index; POP-Q, pelvic organ prolapse quantification; TVT, tension-free vaginal tape; +, factor present in the final model; -, factor not present in the final model. * The outcomes were dichotomous. The improving model outcome was the probability of the SF-6D score improving 0.035 or more from baseline vs less than 0.035 from baseline and the worsening outcome model was the probability of the SF-6D score worsening 20.035 or less vs more than 20.035 from baseline. † Significant at .01. ‡ Significant at .05. § Natural log transformation was performed. k One participant received a uterosacral ligament suspension and sacrospinous ligament suspension and was classified as receiving a uterosacral ligament suspension for this analysis. Unauthorized reproduction of this article is prohibited.
characteristic curves were internally validated using a 1,000 bootstrap resample to correct for bias and overfitting within the model. The bootstrapping method of validation has been shown to be superior to other approaches to estimate internal validity. 14 Calibration curves were also plotted to depict the relationship between the model's predicted outcomes against the cohort's observed outcome, where a perfectly calibrated model follows a 45°line. After the best model was selected and internally validated, the composite recurrence and serious adverse event complication models were compared with the best currently available method of estimating risk, that is, an expert clinician's predictions. To perform these comparisons, a subset of 50 participants was randomly selected from all four data sets for comparing the probability of developing recurrent prolapse and the probability of developing one or more serious adverse events between the model and the panel of experts. These 50 participants were used to compare predictions of the models with experts' predictions and not as a true independent validation subset. Both models were rebuilt using the remaining participants in the four data sets excluding the 50 ran-domly selected participants. The preoperative candidate risk factors of these 50 participants were given to 20 "expert" surgeons with representation from each of the Pelvic Floor Disorders Network sites for review resulting in 1,000 expert predictions and 50 model predictions for each outcome. All surgeons were considered to be experienced in treating patients with prolapse. Each of the 20 experts was asked to consider each woman's data from all 32 variables among the 50 randomly selected patients and provide their best estimated outcome by answering the following question: "Out of 100 women with these exact characteristics, estimate the number of women with recurrent prolapse 12 months after surgery for prolapse and estimate the number of women with one or more serious adverse events during or any time up to and including 12 months after surgery." Individual clinicians' predictions were not averaged to yield a single value because incorporating each clinician's predictions substantially increased statistical power. Each model's predictions were compared with the experts' predictions, which included all risk factors, to determine which was most accurate. The difference in accuracy was determined by using a bootstrap method from their respective receiver operating characteristic curves. All analyses were performed using R 2.15.2.
RESULTS
Eight prediction models were initially explored: four to predict recurrent prolapse (composite recurrence, anatomic recurrence, symptom recurrence, and retreatment), two to predict complications, and two to predict overall change in health status. Of 1,301 women who underwent prolapse surgery, 1,263 received a vault suspension and 38 did not receive a vault prolapse repair. A total of 1,059 of 1,301 participants were used to predict recurrent prolapse using the composite definition because 242 patients were missing one or more variables (Appendix 1, available online at http://links.lww.com/AOG/B124). A total of 982 participants were used to predict bothersome vaginal bulge because 319 did not report the outcome at 12 months and a total of 1,061 was used to predict prolapse beyond the vaginal hymen because 240 were missing the examination outcome.
Overall, 209 (20%) experienced composite recurrent prolapse (met one or more of the three definitions of recurrence) including 201 with prolapse beyond the vaginal hymen, 95 who reported a bothersome vaginal bulge, and 23 who underwent retreatment for prolapse. Three of the four recurrence models had good discrimination with all bias-corrected concordance indices above 0.70 (Table 1) . We were unable Fig. 1 . Calibration curves for three models predicting probability of developing recurrent pelvic organ prolapse (POP) 1 year after surgery for POP.
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to construct an accurate model to predict reoperation or retreatment of prolapse within a year after surgery as a result of a low number of events. Table 2 Figure 1 displays the calibration curves for the three recurrence models. The composite recurrence and prolapse beyond the hymen models had accurate predictions along a range of recurrence probabilities. The bulge model had a tendency to overestimate probabilities of approximately 20-30% or more. It is important to note that although the model for predicting bulge overestimates when observed probabilities exceed 30%, this only occurred in a very small subset (5%) of the population. All 1,301 participants were used in the creation of the two complications models. Overall, 222 (17%) participants experienced any serious adverse event and 147 (11%) experienced one or more Dindo grade III or higher complications with 147 (11%) participants having both. Both models had acceptable discrimination with all bias-corrected concordance indices 0.60 or more ( Table 1 ). The serious adverse event model included 11 factors and the Dindo grade III or higher complication model included 17 factors. Increasing age and number of comorbidities were associated with increased risk; factors that substantially lowered the risk of serious adverse events or Dindo grade III or higher complications in both models included presence of a lower gastrointestinal disorder, presence of a vascular disorder, current estrogen use of any type, having a concurrent hysterectomy or oophorectomy, and vaginal vault suspension or colpocleisis (vs abdominal sacrocolpopexy). Figure 2 displays the calibration curves. Both complication models had accurate predictions along a range of probabilities with a slight tendency to underestimate probabilities less than 10% and overestimate probabilities of approximately 30-40% or more in the serious adverse event model and 20-30% or higher in the Dindo grade III model. These extreme ends for over-and underestimation occur in a small subset (Dindo grade III or higher greater than 30%, 2% and serious adverse event greater than 40%, 0.8%) of the data. Comparisons of each individual risk factor between patients with and without composite recurrent prolapse, serious adverse events, and Dindo grade III or greater complications are presented in Appendices 1-3, available online at http://links.lww. com/AOG/B124.
Of the 1,301 participants, 1,118 were used in the creation of the health status models because 183 participants had missing health status data. Both health status models had discrimination between women who reported that their overall health status did or did not meaningfully improve or worsen with all bias-corrected concordance indices above 0.60 (Table 1) . Table 2 displays which risk factors were included in each model along with their parameter estimates. The overall health status improvement model included 12 factors and the overall health status worsening model also included 12 somewhat different factors. Figure 3 displays the calibration curves for both overall health status models. The overall health status improvement model had accurate predictions at probabilities of 40% or higher but had a tendency to underestimate probabilities below 40%. The overall health status worsening model had a tendency to overestimate probabilities of 40-50% or more. Both extreme values only encompassed a small subset of the data set (health status worsening more than 50%, 2.6% and health status improving less than 40%: 13%). The composite recurrence model was statistically better at predicting the risk of recurrent prolapse ( Fig.  4A and B ) when compared with predictions by experts (concordance index50.77 vs 0.58, P,.001).
The serious adverse event model was also better at predicting the risk of a patient developing any serious adverse event ( Fig. 5A and B ) than predictions by experts but was not significantly different (concordance index50.58 vs 0.48, P5.305).
DISCUSSION
Although prolapse surgery success rates are an important factor in determining the best surgical approach, deciding on which type of repair is a complex process that must go beyond just success rates and also take into account the individual patient and surgeon's goals balanced against acceptability of risks and complications. We believe that using predictions from our new models combined with surgeon judgment is more accurate than using crude risk groups or experience alone. We are confident that the level of rigor, size, and multicenter design of the studies used to build these models included data on the most common risk factors for recurrence, complications, and health status change. As such, unmeasured confounders are likely minimized. We hope this tool can augment the surgical consent process for health care providers and their patients (http://riskcalc.org: 3838/PRECISE_Models/).
The models developed in this study support the idea that selection of abdominal sacrocolpopexy and concurrent use of anterior and posterior colporrhaphies substantially reduced recurrence risk-by all definitions of recurrence-compared with vaginal suspensions. However, all vaginal surgeries were associated with less risk of serious adverse events or Dindo grade III or higher complications. Predictably, larger anterior prolapse (Ba) and genital hiatus measures overall increased risk of recurrence in all models, whereas increased age and comorbidities increased complication risk across both models. Because individual patients may have difficulty interpreting or quantifying the effect of an adverse event on their lives, we predicted whether overall health state would meaningfully improve or worsen after surgery. By a small degree, transvaginal uterosacral and sacrospinous ligament suspensions increased the likelihood of clinically meaningful overall health status improvement compared with abdominal sacrocolpopexy.
The interactive models are simple to use and outperformed subspecialist "experts" in accuracy of predictions for both success and complications. Subspecialist experts predicted the composite recurrence risk for a random sample of 50 participants with a concordance index of 0.58 suggesting that an expert's prediction is limited. The prediction model performed better in this sample with a concordance index of 0.77 (P,.001). Interestingly, the experts' ability to predict the risk of developing any serious adverse event was no better than chance, with a concordance index of 0.48, whereas the model's concordance index was 0.58. The concordance indices are similar to other instruments and nomograms commonly used in clinical practice such as those for predicting prostate cancer 15 or pancreatic adenocarcinoma recurrence 16 or the Gail model of breast cancer risk prediction 17 and Framingham coronary heart disease prediction scoring. 18 There are some limitations to the utility of these predictive models. First, the patients undergoing abdominal sacrocolpopexy underwent laparotomies without the inclusion of minimally invasive approaches, and there was not a surgical cohort Fig. 3 . Calibration curves for two models predicting probability of overall health status improvement and worsening from baseline 1 year after surgery for pelvic organ prolapse.
undergoing transvaginal repair augmented by graft material, so one cannot predict recurrence risk or likelihood of complications for these approaches. Another limitation is that the models do not include outcomes more than 12 months after surgery because collection beyond this time point was not performed uniformly across all four studies. Importantly, the models should be externally validated once public data sets become available and can be recalibrated to include minimally invasive sacrocolpopexy and mesh-augmented vaginal repairs if large data sets or longer outcomes become available. We also could not predict likelihood of retreatment or reoperation alone because of low numbers of these events. Additionally, the standardized method of adverse event reporting, whether serious adverse events or Dindo classification, may not have captured important specific adverse outcomes such as chronic pain, dyspareunia, Jelovsek. Predicting Outcomes After POP Surgery. Obstet Gynecol 2018.
or other events that do not require surgical or invasive management. Furthermore, given the broad range of potential adverse events, we were only able to capture system-based categories (eg, upper gastrointestinal disorders included "the presence of any disorder of the esophagus, stomach, duodenum, biliary, or pancreatic tract"). Finally, the models only present an overall probability of complications and some patients may weigh certain specific complications more or less heavily than others. Caution should also be used in assuming that predictors are the same as risk factors. Rather, the variables should be thought of as "predictors" of the outcome when controlling for all other predictors in the model rather than cause-and-effect associations. The primary strengths stem from building models from several large, multicenter, prospective surgical trials with well-characterized populations using standardized, validated postoperative outcomes 12 months after surgery. Predicting overall health status by a minimally important difference adds another Jelovsek. Predicting Outcomes After POP Surgery. Obstet Gynecol 2018.
